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ABSTRACT: Particle stability in a multiplicity of fluid environments is critical for colloids used in catalysis, sensing, and 
composites. Hedgehog particles (HPs), inspired by the spiky topology of pollen grains and viral capsids, enable dispersion 
stability regardless of whether their polarity matches that of the solvent.  Previous implementations of HPs were all based 
raon rigid spikes from inorganic materials, such as ZnO, whereas polymeric spikes offer a unique spectrum of optical, 
chemical, thermal, and mechanical properties including potential stimuli-responsive behavior.  Microscale particles with 
nanoscale polymeric spikes referred to here as tendril particles, were made by layer-by-layer assembly of polyallylamine 
films deposited onto rigid ZnO templates and then crosslinked with glutaraldehyde. Tunable broadband scattering is 
observed upon partial removal of the ZnO with complete removal resulting in semi-rigid hollow polymer sleeves. While 
being hydrophilic, they disperse in nonpolar media such as heptane and high ionic strength aqueous media. Gradual 
removal of ZnO nanorods affords spectral tuning of the 
near-infrared band associated with light scattering from 
the high refractive index spikes.   The polymer spikes also 
allow for loading of cargo nanoparticles,  molecules, and 
polymers. By adding poly(N-isopropylacrylamide-co-
acrylic acid) subunits, controlled aggregation is observed 
in response to temperature. Structural integration of 
dopamine moieties into the layered films allows for 
controlled aggregation in response to alkaline conditions. 
The mechanical and structural flexibility of tendrils with 
sleeve-like morphology enables a new generation of 
multifunctional particles with properties controlled by 
their nanoscale surface topography.
1. Introduction
Surface corrugation with stiff spikes can be used as a 
universal strategy to reduce van der Waals (vdW) forces 
between dispersed particles by more than an order of 
magnitude.1  The drastic reduction of attractive forces 
leads to unexpected colloidal stability of particles with 
hydrophilic inorganic spikes in hydrophobic solvents and 
vice versa.2   This effect also leads to increased stability of 
topologically engineered colloids in high ionic strength 
environments,3,4 in contrast to the predictions of 
Derjaguin, Landau, Verwey and Overbeek (DLVO) theory 
about the colloidal stability of smooth spherical particles.  
The generality of this effect can be seen in many particles 
with spiky geometries that were tested for 
omnidispersibility. Particles with spikes that were 
conformably coated with organic layer-by-layer 
assembled (LBL) films5–10 maintained dispersion stability 
verifying the role of particle geometry in the reduction of 
van der Waals forces.3  There are multiple other examples 
of spiky and flower-like particles made from different 
inorganic materials,11–14 which were not tested for 
dispersibility in ’difficult’ solvents, but are expected to 
display similar colloidal properties.  Special 
functionalities were also found for particles with 
interfaces decorated by pillars at molecular scale15 
substantiating the utility of the topographically 
engineered colloids.   
Besides omnidispersibility, rigid inorganic spikes impart 
hedgehog particles (HPs) with other unique properties, 
such as a broad band extinction band in the near IR part 
of the spectrum,2,3,16,17 which is attributed to strong light 
scattering of the radial spikes.2,17  Realization of HPs with 
fully polymeric yet sufficiently rigid spikes would 
engender these particles with additional functions, 
exemplified by: (a) tunable extinction bands in the visible 
spectrum; (b) nanoscale cargo compartments in the 
spikes; and (c) stimuli-responsive behavior. Note, 
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however, that all of these functions originate in the 
structural reconfigurability of the polymers, and their 
reversibility should diminish omnidispersibility because 
the softness of nanoscale polymeric spikes result in 
recovery of strong van der Waal attraction and other 
attractive short-range forces.    
In this study, we aimed for well defined surface 
corrugation with polymers which would enable 
responsive control of dispersion, which has not been 
achieved in previous works. Polymeric  surface 
corrugation has been  introduced previously with 
nanoparticle coatings, emulsion polymerization, and 
through nanoprecipitation.1,18,19 HPs with polymeric 
spikes–or tendril particles (TPs)–can be made using 
sequentially deposited layers of polyelectrolytes to enable 
deposition of controlled layer of polymers on highly 
curved surfaces.8,20–22  After removal of the zinc oxide 
nanorods used as templates, the spikes acquire their 
sleeve-like morphology.  In order to retain 
omnidispersibility, the constituent polymers of TPs spikes 
must be cross-linked to acquire rigidity.  In addition to 
enhanced colloidal stability, the polymeric spikes make it 
possible to vary the optical properties of the particles and 
load them with nanoscale cargo exemplified by gold 
nanoparticles (NPs).  Through introduction of 
environmentally responsive molecular subunits, we also 
show controlled aggregation in response to temperature- 
and pH stimuli with both practical and fundamental 
significance. 
2. Results and Discussion
Polyelectrolytes and multilayers are an ideal materials 
platform for engineering TPs because they enable ‘soft’ 
materials with high mechanical properties.23–25 The 
topographical engineering of particles requires spikes 
with high compressive and bending stiffness to diminish 
vdW forces between the interacting particles.  
Furthermore, polyelectrolytes and multilayers allow for 
encapsulation of a large variety of functional components 
that will broaden the spectrum of functionalities of HPs; 
these components include NPs,26,27 enzymes,28,29 DNA,30 
dendrimers,31 drugs,32–34 dyes,35  conductive polymers, and 
other nanoscale components of advanced materials. 
Moreover, polyelectrolytes are also capable of exhibiting 
pH-, temperature-, and light-responsive behaviors.27,36,37.
2.1 Engineering of Tendril Particles. Following 
previous studies of micro- and nanocapsules5,20,22,38 and 
HP-based biosensors,3 polyelectrolyte films on HPs were 
made by sequential deposition of polyacrylic acid (PAA) 
and poly(allylamine) hydrochloride (PAH). Young’s 
moduli of PAA/PAH layers vary largely depending on 
thickness and crosslinking, ranging from 290 MPa when 
not crosslinked to 1.9 GPa for crosslinked films.  This is, of 
course much smaller that the stiffness of pristine ZnO 
nanorods (~800 GPa),24,39 which represents one of the 
challenges of this study.   The constituent components of 
these multilayers exhibit high glass transition at128 °C for 
PAA and 223 °C for PAH, which can lead to multilayers 
ina glassy state at room temperature.40 
Highly uniform and conformal (PAA/PAH)2 coatings of 
ca. 10 nm thickness are formed on HPs after two cycles of 
LBL deposition (Figure S1).  TPs are produced when the 
ZnO template nanorods are partially or completely 
dissolved in acidic media.  Importantly, the polymeric 
multilayers were cross-linked with glutaraldehyde to 
increases the stiffness of the PAA/PAH composites by 
more than a factor of two, to 680 MPa.24  Otherwise, they 
collapse when the nanorods are dissolved due to low pH 
(Figure S2). 
Energy dispersive spectroscopy (EDS) was used to 
examine the Zn content that remained in the spiky shells 
of the TPs.  A large amount of Zn ions (43% of Zn (herein 
referred to as 43-Zn TPs)) in the form of nanorods remain 
in the polymeric shell after glutaraldehyde crosslinking in 
1M boric acid for two hours, with the latter assisting ZnO 
removal(Figure 1). Additional incubations with 0.01 M 
and 0.1 M HNO3 for 72 hours gradually reduced the 
amount of zinc to 2.9% (2.9-Zn TPs) and 0.57% (0.57-Zn 
TPs), respectively, completely removing remaining ZnO 
nanostructures and resulting in hollow polymer spikes 
(Table S1), or tendrils. Scanning transmission electron 
microscopy-EDS (STEM- EDS) mapping shows that the 
tendrils consist of primarily carbon, with oxygen nitrogen; 
a small amount of zinc present as well, most likely due to 
coordination with LBL films (Figure S3). When the cross-
linking occurs at an elevated pH, the ZnO spikes remain 
intact (Figure S4). Similar hollow shell structures are 
observed when solely ZnO nanorods are treated with 
glutaraldehyde at lower pH (Figure S5). Zinc content 
representative of the remaining ZnO nanostructures 
inside the tendrils has a dramatic effect on the 
absorbance spectrum of the samples (Figure 1g).  As Zn-
content becomes smaller, the broad near-infrared  
scattering band blue shifts, which can be related to the 
gradual reduction of refractive index of the spikes from n 
=1.97(ZnO) to n =1.53 (characteristic of  polymeric 
multilayers). The finite-difference time-domain (FDTD) 
simulation of a model HP with gradually diminishing 
refractive index of the spikes from n =1.85 to n =1.53 
verified this mechanism of spectral changes during 
HPTP transition with near 0% ZnO remaining for TPs 
(Figure 1h) 
The number of LBL deposition cycles and dimensions of 
ZnO templates are essential for the successful engineering 
of TPs.  The template spikes require a minimal diameter 
of ca. 75 nm; this was proven after an attempt to form TPs 
from thin spike HPs (63 nm diameter) where the tendrils
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Figure 1. SEM (a,b,c) and TEM (d,e,f) images of two-bilayer TPs with various Zn content, (a,b) 0.57-Zn (b,e) 2.9-Zn (c,f) 43-Zn 
TP. (g) Extinction spectra of TPs with different Zn content. (h) Bottom left: FDTD model HP with spike length of 1463 nm, spike 
thickness of 163 nm, and 500 spikes; Normalized calculated extinction cross section of model HP with different refractive indices 
(nHP), corresponding to 75% (1.85nHP), 50% (1.74nHP), 25% (1.63nHP), and 0% (1.53nHP) percentages of ZnO remaining. The 
full model parameters and are listed in the methods.[23,32,33
collapsed after the ZnO extraction (Figure S6). If too 
many LBL deposition cycles are performed, a polymer 
web is formed over the spikes, mitigating corrugation and 
increasing vdW attractions (Figure S6). Varying the 
length of the spikes on HPs allows a similar degree of 
freedom for TP structure formation.  Utilizing 1M boric 
acid in the step to wash away ZnO, allows for very 
uniform and robust sleeves of varied diameters and 
lengths ranging from greater than 500 nm to slightly less 
than 2000 nm (Figure 2). When dissolving HPs with 
larger ZnO nanorods, longer incubation times with acid 
are needed to ensure their full dissolution (Figure S7).In 
addition, TPs  based on polydisperse HPs from small 296 
nm SiO2 cores can also be synthesized (Figures 2c,f,S8). 
As seen with larger cores, spikes that were thin and short 
did not form stable TPs while larger spikes form TPs with 
distinct spiky morphology (Figure s9). We expect 
that.forming TPs with cores smaller than 300 nm would 
not allow for sufficient width for ZnO nanorod growth. As 
a demonstration of the generality of this method, we also 
made TPs using ethylcarbodiimide (EDC) as a 
crosslinking agent instead of glutaraldehyde.   However, 
this type of TP is only stable, with thicker 
(PAA/PAH)3PAA  bilayer films and shows a more rough 
and less uniform morphology than the ones cross-linked  
with glutaraldehyde (Figure S10). 
2.2 Dispersions of Tendril Particles. In a previous 
study, we determined that when surface corrugation is 
preserved with the addition of polymer and nanoparticles
a b
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 Figure 2. (a,b.c) SEM and (d,e,f)TEM images of (a,b) HPs with 1.1 µm average diameter SiO2 cores with average spike lengths of 
540 nm and  1930 nm and average spike widths of 99 nm and 146 nm respectively ;(c) HPs with 296 nm average diameter SiO2 
cores with an average spike length of 1253 nm and average spike width of 188 nm; (d,e,f) TPs prepared from HPs in (a), (b), (c) 
respectively after glutaraldehyde crosslinking and 72 hour treatment with 1 M boric acid.
omnidispersibility of HPs is maintained.3 Flexible spikes 
in TPs that are deformable result in softer interaction 
potentials. We observed that the TPs maintain 
dispersibility in nonpolar andhigh ionic strength 
environments (Figure 3, S11-S12), indicating that the stiff 
crosslinked polymer enables reduction of van der Waals 
forces despite a  Young’s modulus of the tendrils that is 
about three orders of magnitude smaller than that of 
ZnO.  Confocal microscopy and SEM images confirm 
well-dispersed particles in highly nonpolar heptane and in 
1M NaCl (Figure 3, S12).  It would be expected that the 
polymer would have reduced attractive van der Waals 
forces, however, only reduction of contact area consistent 
with rigid spikes enables dispersion in a nonpolar 
environment.4 Based on these results, we believe that the 
cross-linked polymer is semi-rigid and does not 
completely deform upon contact, allowing for a marked 
reduction of van der Waals forces. Stability in high ionic 
strength environments as well as nonpolar 
environments.has broad importance in biosensing, 
catalysis, and other fields.
 2.3 Loading of the Sleeve-like Compartments. To 
demonstrate the conceptual possibility of loading of cargo 
in TPs, we first loaded Au NPs using LBL deposition[3] 
including them in LBL sequence PSS/PDDA/AuNP 
(AuTP) and PSS/PDDA (0.5 M NaCl)/AuNP (AuSTP). 
With tendril shells formed around the NPs, we are able to 
crosslink Au NPs into the tendril structure with 
controlled loading (Figure 4a-d, S13). We see a large 
broadening of the optical absorbance in the visible range 
of these TPs as a function of the density of the Au NP 
coating (Figure 4h, S13).  Additionally, small 
nanoparticles can be loaded in an analogous manner to 
obtain visible light-responsiveness.41
To evaluate TPs forthe loading of macromolecules, we 
used fluorescein isothiocyanate-dextran (FITC-dextran). 
In this case, we were able to make the polyelectrolyte film 
permeable at pH 3 and impermeable at pH 10.42–44 The 
acidity-dependent phase transition in polyelectrolyte 
multilayers allows for encapsulation of FITC-dextran into 
the hollow spikes by loading and then subsequent raising 
of the pH (Figure 4e-g).
Encapsulation was also  demonstrated with  hydrophilic 
(rhodamine B)  and hydrophobic (nile red) small 
molecules (Figure S14) Loading is achieved at pH3 and 
with ethanol respectively. For Nile Red dye, the 
encapsulation is confirmed by the strong fluorescence 
maintained in aqueous solutions at pH3 or pH10, even 
though the molecule is unstable in water. 
With small molecules, release is different, as they are able 
to diffuse inside regardless of pH as can be seen with 
Rhodamine B at pH 10.45 In this case, combination with 
another release mechanism such as encapsulated gold 
nanoparticles (Figure 4a-d) could enable light-based 
release in combination with laser pulses as shown in 
previous studies.41
a b
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Figure 3. Photographs of TP dispersions (0.5 mg/mL) in heptane (a) and 1 M NaCl in water (b) with increasing zinc content 
from left to right. SEM (c,f,i) and confocal images (d,e,g,h,j,k) of 0.57-Zn TPs in heptane (c,d) and 1 M NaCl (e), 2.9-Zn TPs in 
heptane (f,g) and 1 M NaCl (h), and 43-Zn TPs in heptane (i,j) and 1 M NaCl (k). All SEM and confocal samples were prepared at 
0.1 mg/mL
With the capability of selective loading and release by pH, 
these TPs could have industrial uses, such as 
incorporating anti-corrosion coatings or for encapsulation 
of therapeutics.46,47 In addition,  through the creation of 
hollow polyelectrolyte cores in addition to spikes, TPs 
would enable high loadings or selective loadings  in each 
compartment. 
2.4 Temperature and pH-stimulated Agglomeration 
of Tendril Particles. The ability to modulate a polymer’s 
reversible thermal response has been well-explored with 
polymers such as poly(N-isopropylacrylamide) 
(PNIPAM).48–50 In addition, pH-responsive behavior can 
be utilized for many different biological applications and 
can be achieved with different polymeric subunits 
including dopamine.51 Introduction of thermoresponsive 
and pH-responsive polymers to TPs is expected to result 
in the loss of dispersion stability depending on media 
conditions. To test thermoresponsive capability, we used LBL 
to coat TPs with films of poly(N-isopropylacrylamide-co-
acrylic acid) (PNIPAM TPs) and evaluated particle stability at 
different temperatures. Particle stability was evaluated at
a b0.57-Zn 2.9-Zn 43-Zn 0.57-Zn 2.9-Zn 43-Zn
c d e
ji k
f g h
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Figure 4. TEM of tendril particles with PSS/PDDA/AuNP (AuTP) (a,c) and with PSS/PDDA (0.5 M NaCl)/AuNP (AuSTP) (b,d) 
layers encapsulated. Confocal microscopy images of TPs dispersed in 1 mM FITC-Dextran (4000 MW; 1 mM) at pH 3 (e) and pH 
10 (f). Encapsulation of FITC-dextran by raising pH after treatment at pH 3 and washing off excess FITC-dextran (g). Normalized 
absorbance spectrum for AuTP and AuSTP (h). 
room temperature, 40 °C, 60 °C, and 80 °C. PNIPAM TPs 
rapidly sediment within five minutes after being incubated at 
60 °C and 80 °C while normal PAA TPs show limited 
sedimentation at these temperatures (Figure 5a-d, S15, S16). 
Some aggregation is observed at 40 °C and very little 
sedimentation at room temperature (Figure S17, S18). 
Normal, non-modified TPs (PAA TPs) show some 
thermoresponsive behavior, likely due to disruption of 
hydrogen bonding, but exhibit less aggregation than the 
PNIPAM TPs.We believe PNIPAM collapses at high 
temperature and covers the TP, resulting in 
hydrophobicinteractions and aggregation. The 
transformation of PNIPAM has been shown to be 
reversible,52 allowing for recovery and reuse of the TP. 
Dopamine was conjugated to PAH using glutaraldehyde to 
create pH-responsive TPs (DOP TPs) (Figure S19).  Using 
confocal microscopy, limited aggregates are observed at pH 
5.6, compared to large aggregates at pH 7.4. (Figure 5e-f).   
Additionally, absorbance was measured over 30 minutes for 
DOP TPs at pH 5.6 and pH 7.4 in 0.01 M phosphate buffer 
saline (PBS) to analyze sedimentation. There was a decrease 
in absorbance (at a wavelength of 275 nm) of almost 50% at 
pH 7.4 while only 20% at pH 5.6 over 30 minutes (Figure 
S20). When PAA TPs are tested, little difference is observed 
between the two pH values indicating that the dopamine 
group is responsible for the change (Figure S21). Dopamine 
contains catechol groups, that, when exposed to alkaline 
conditions, oxidize to quinone or semiquinone forms, which 
are reactive and result in covalent crosslinking.53,54 In this 
case, the reaction is irreversible unlike the NIPAM TPs, 
which we observe when analyzing sedimentation of 
recovered DOP TPs after the pH is readjusted to 5.6 from 7.4 
(Figure S22).  Irreversible aggregation of pH- and 
temperature-responsive TPs under conditions when the 
polymeric spikes become soft and reconfigurable confirms 
the fundamental mechanisms of omnidispersibility in spiky 
particles related to reduction of close-range attractive 
interactions.
3. Conclusions
Formation of highly corrugated colloids with polymeric stiff 
spikes is possible when polyelectrolyte multilayers are cross-
linked on a ZnO template. After removal of ZnO, TPs 
maintain excellent dispersion stability in nonpolar and high 
ionic strength media. Gradual removal of ZnO nanorods 
affords spectral tuning of the near-infrared band associated 
with light scattering from the high refractive index spiky 
shell. The mechanical and structural flexibility of tendrils 
with sleeve-like morphology enables environmentally 
responsive TPs. Their responsiveness to thermal and pH 
stimuli directly confirms the physicochemical mechanism of 
their enhanced dispersibility related to the drastic reduction 
of van der Waals forces in particles with stiff nanoscale 
spikes.  
4. Experimental Section
4.1 Materials: All materials were purchased from 
commercial sources:  poly(diallyldimethylammonium 
chloride) (PDDA), sodium polystyrenesulfonate (PSS), 
polyacrylic acid (PAA), poly(allylamine hydrochloride) 
(PAH), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, ≥99% 
purum), hexamethylene tetramine (C6H12N4, ≥99.5% puriss), 
boric acid, ammonium hydroxide (28 wt% solution), 
tetraethyl orthosilicate (TEOS), potassium chloride, 
glutaraldehyde (25 wt% solution), and zinc oxide NPs (50 
wt% solution) were purchased from Sigma-Aldrich (St. Louis, 
MO); grids with ultrathin carbon film on holey carbon film 
support for transmission electron microscopy (TEM) 
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Figure 5. Images of dispersions (0.5 mg/mL) of poly(N-isopropyl acrylamide tendril particles) (PNIPAMTP)(a,c) and 2.9-ZnTP 
(b,d) after 5 minutes in water bath at (a,b) 60 °C (c,d) 80 °C.  Confocal microscopy of dopamine-modified TP  (DOPTP) (0.1 
mg/mL) at pH 5.6 (e) and pH 7.4 (f) in 0.01 M PBS.
measurements and silicon wafers for scanning electron 
microscopy (SEM) measurements from Ted Pella (Redding, 
CA). Carboxylated polystyrene (PS) was ordered from 
Polysciences, Inc. Polycarbonate track-etched membranes 
(0.8 micron, 90 mm) were ordered from Sterlitech. All 
chemicals were ordered from Sigma-Aldrich unless noted 
otherwise.  
4.2 Synthesis and Layer-by-Layer Coating of Core 
Particles. Silica microparticles were produced by a modified 
Stöber process.55,56 Briefly, 0.017 g of potassium chloride, 6.75 
mL water, and 9 mL ammonium hydroxide were added to 65 
mL ethanol. A solution of 34 mL ethanol and 2.2 mL of TEOS 
were added at a rate of 30 mL/h via syringe pump under 
vigorous stirring. Silica cores were coated with 
poly(diallyldimethyl ammonium chloride) polystyrene 
sulfonate and in a layer-by-layer process as previously 
mentioned. Briefly, 5 mL core solution(20 mg/mL) was mixed 
with 25 mL polyelectrolyte solution (1 mg/mL, 1 M NaCl) and 
incubated for 20 min. Cores were then centrifuged at 4000 
RPM for 10 min and washed with water 3 times before 
repeating the process with the next layer. 296 nm SiO2 beads 
were created using a modified stöber method. A TEOS 
concentration of 0.28 M, Water concentration of 6 M, and 
ammonium hydroxide .56 M were used in ethanol. TEOS was 
added after ethanol, ammonium hydroxide, and water were 
mixed for 10 minutes and particles were stirred overnight.57
4.3 Synthesis of Hedgehog Particles.  Polystyrene and SiO2 
core HPs were synthesized using a scaled sonothermal 
synthesis based on that of Bahng et al. A 5 mL aliquot of 
coated core solution (2.5 wt%) was mixed with 160 mL ZnO 
seed solution (0.025 wt%) and incubated for 1 h.4 Particles 
were then filtered using a 0.8 micron track etch membrane 
and combined with equimolar (25 mM) solutions of zinc 
nitrate hexahydrate (ZnH) and hexamethylenetetramine 
(HMT) in water. Concentrations of the precursors were 
varied to tune the width of the spikes; the default 
concentration was 25 mM with 2 sonications. The solution 
was then diluted to a final volume of 1.6 L and sonicated 
using a Hielscher 1000UIP HdT sonicator for 1.5 h. Samples 
were purified by removing excess zinc oxide nanorods after 
sedimentation of HPs. Longer HPs were created by 
performing additional sonications with ZnH and HMT 
solutions after purification. 
4.4 Formation of Tendril Particles. ZnO HPs were coated 
with 2 bilayers of polyacrylic acid and poly(allyamine 
hydrochloride) at pH 8 and 1 M NaCl in a layer-by-layer 
method. Each layer consisted of incubating HPs in the 
polyelectrolyte for 20 min, and then centrifuge washing twice 
with a 0.1 M NaCl pH 8 buffer solution and twice with DI 
water.  The polymer layers were then cross-linked using 
glutaraldehyde (2.5%). A 4 mL of sample was incubated with 
2 mL of glutaraldehyde (25%) and 32 mL of 1 M boric acid for 
2 h. This sample was then washed 3 times with DI water and 
then placed into an additional acid wash (nitric acid or boric 
acid) to produce different Zn content TPs (Table S1). TPs 
were incubated in poly(N-isopropylacrylamide-co-acrylic 
acid (1 mg/mL; pH 8) for 20 minutes and then centrifuge 
washed four times to create PNIPAM TPs.  Crosslinking of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) TPs 
was accomplished with 10 mM EDC at pH 5.6 for 2 h in 0.1 M 
PBS buffer. Dopamine-modified TPs were created by 
adsorbing 1 additional (PAA/PAH) bilayer and then were 
cross-linked with 0.05 M dopamine and 2.5% glutaraldehyde 
in 0.1M PBS buffer.
4.5 Confocal Microscopy Imaging. For confocal studies, 
FITC was conjugated to PAH according to a literature 
procedure.3,58 Briefly, 4.5 mg FITC was dissolved in 1 mL 
dimethylsulfoxide (DMSO) and combined with 500 mg PAH 
dissolved in 6 mL water. The pH of the solution was adjusted 
to 8.4 with NaOH and then the solution was stirred for 2 d. 
Dialysis was then performed using a D-tubeTM Dialyzer for 24 
h to remove excess FITC.58 PAA/FITC-PAH films were 
deposited on HPs using LBL assembly as described 
previously.3
4.6 Electron Microscopy Imaging. A 20 µL of sample was 
evaporated on a silicon wafer. . Particles were imaged using a 
FEI Nova 200 Nanolab SEM and FEI Helios 650 Nanolab 
SEM/FIB. For dispersion SEM images, particles were imaged 
at a concentration of 0.1 mg/mL. STEM and TEM images 
were taken using a Talos F200X G2, JEOL 3011, and JEOL 
2010. EDS was run on samples at a magnification of 65k a 
minimum of 3 times over the spikes of TPs. 
4.7 FDTD Simulation of Optical Properties. A model 
particle was constructed with a core SiO2 sphere (diameter =1 
µm) meta-shell containing a spherical array of 500 ZnO NRs 
(length =1463 nm, thickness =139 nm) to approximate the 
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experimental construct. The length and thickness were 
measured using electron microscopy of a HP (minimum of 50 
images), which was used for elaboration of TP model 
geometry. In the numerical calculation of the scattering 
cross-section, the refractive indices of the tendrils having 
various ZnO content were calculated utilizing Maxwell-
Garnet Medium approximations, where the quantity of ZnO 
content are reflected in the volume fraction. As the spectral 
focus of our investigation lie in the visible wavelength range, 
where the absorption for the TP components are negligible, 
extinction coefficients were not taken into consideration in 
the calculation and the following materials refractive indices 
were used in the approximation: 1.97 for ZnO, 1.53 for 
polymer, and 1.46 for SiO2. 
4.8 Absorbance Measurements. Absorbance 
measurements were performed using a Cary 8454. 
Measurements were taken every 10 s for 30 min at a 275 nm 
wavelength in a quartz cuvette. Particles were loaded at 0.5 
mg/mL in a 3 mL cuvette. For pH-responsive testing, TPs 
were measured in 0.1 M PBS buffer solution adjusted to pH 
5.6 for acidic conditions and 7.4 for alkaline conditions. 
4.9 Molecular Loading of TPs  Loading of FITC-Dextran 
(4k MW) and rhodamine B were carried out in pH 3 solution. 
Encapsulation involved a pH 3 TP solution with FITC-
Dextran or rhodamine B (1 mM) being washed at pH 10 
repeatedly to ensure that there was no excess fluorophore in 
solution, and verified using confocal microscopy imaging.  
Loading of nile red was done in ethanol (1 mM) with 
repeated washing with ethanol and then pH3 or pH10 
solution.  
ASSOCIATED CONTENT 
Supporting Information. Additional characterization, 
dispersion stability and stimuli-responsive results including 
Figures S1-S22 and Table S1. This material is available free of 
charge via the Internet at http://pubs.acs.org. 
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